Abstract: Treatment with 300 mM NaCl increased the capacity of the alternative respiratory pathway and induced the expression of AOX1a of the leaves of rice (Oryza sativa L.) seedlings. A significant increase in the content of hydrogen peroxide (H2O2) was observed in rice leaves treated with 300 mM NaCl. However, NaCl at 150 mM did not significantly affect the capacity of the alternative respiratory pathway, the content of H2O2, and the transcript level of AOX1a. Exogenous application of H2O2 enhanced the levels of the capacity of the alternative respiratory pathway and AOX1a expression. The accumulation of H2O2 in rice leaves in response to 300 mM NaCl was inhibited by the pretreatment with dimethylthiourea (DMTU, scavenger of H2O2). This treatment also suppressed the induction of AOX1a expression and the increase in the capacity of the alternative respiratory pathway under 300 mM NaCl stress. Moreover, the salt-stressed (300 mM NaCl) seedlings pretreated with 1 mM salicylhydroxamic acid (SHAM, a special inhibitor of alternative oxidase) had higher level of H2O2 production than the seedlings either subjected to 300 mM NaCl stress or SHAM treatment alone did. These observations suggest that the expression of AOX1a in response to higher salt stress is mediated through an accumulation of H2O2 and alternative oxidase could play a role in antioxidant protection under the condition of higher salt stress.
Introduction
It is generally known that salt stress influences a number of physiological processes, including photosynthesis, nutrient uptake, water absorption, and cellular metabolism. Soil salinity, particularly NaCl, is the single most widespread soil toxicity problem that affects the production and growth of plants (Flowers & Yeo 1981; Zeng & Shannon 2000; Hong et al. 2007 ). Mitochondrial respiration plays a central role in controlling energy and carbon metabolism of higher plants. However, the knowledge about mitochondrial respiratory responses to salt stress is limited.
Plant mitochondria are different from animal mitochondria in that they have an alternative oxidase (AOX). It is well known that AOX catalyzes the cyanide-resistant respiration (i.e., the alternative respiratory pathway or the AOX pathway), which branches from the main respiratory chain at the level of ubiquinone and thus bypasses two of three sites of energy conservation supporting oxidative phosphorylation (Millenaar & Lambers 2003) . AOX is encoded by nuclear genes among a wide variety of monocotyledon and eudicotyledon plants (Considine et al. 2002) .
Much works have shown that the AOX pathway, AOX transcript abundance, and AOX protein amount are increased under various stressful conditions, including chilling (Mizuno et al. 2008) , drought (Ribas-Carbo et al. 2005; Bartoli et al. 2005) , phosphate limitation (González-Meler et al. 2001) , and plant diseases (Simons et al. 1999) . Recent work reported that treatment of Citrus cell suspensions with high concentration of NaCl led to a stimulation of the capacity of the AOX pathway and an increase in AOX protein amount (Ferreira et al. 2008) . However, the response of the AOX pathway to salt stress, especially at the whole-plant level, is not fully understood.
Environmental stresses lead to a marked increase of ROS (reactive oxygen species) production (Dat et al. 2000) . To minimize and/or to protect against the toxic effects of these damaging ROS, cells have evolved highly regulated enzymatic and non-enzymatic mechanisms to limit the ROS production (Dat et al. 2000; Hong et al. 2007 ). Under such conditions, ROS may have dual roles. On one hand, high concentration of ROS can lead to phytotoxicity; on the other hand, ROS, particularly hydrogen peroxide (H 2 O 2 ), can be used for acclamatory signaling to activate antioxidant defense systems (Dat et al. 2000) . Wagner (1995) found that addition of exogenous H 2 O 2 into Petunia hybrida cells resulted Induction of AOX1a gene under salt stress is mediated by H2O2 869 in an increase in both the cyanide-resistant respiration and AOX protein amount, suggesting that H 2 O 2 could be used as secondary messenger in the signal transduction pathway to induce the AOX pathway. However, whether the accumulation of H 2 O 2 under the condition of salt stress would regulate the AOX pathway is still to be determined. By using transgenic tobacco cells with varying levels of AOX expression, it has been confirmed that AOX can limit the formation of ROS from mitochondria (Maxwell et al. 1999) . Unfortunately, there have been few studies examining whether AOX could be involved in the prevention of ROS formation in saltstressed higher plant. To date, precise regulation and function of AOX under salt stress has not been extensively studied.
In the present work, an effort was made to demonstrate that the AOX pathway could be involved in antioxidant defense against NaCl stress and the expression of rice AOX1a under the condition of higher NaCl stress could be mediated through H 2 O 2 .
Material and methods

Plant material and treatment
Rice (Oryza sativa L. ty.559) seeds (Nanjing Shenzhou Seed Co., Ltd, Nanjing, China) were treated with 1% NaOCl for 10 minutes and imbibed in distilled water for 12 hours at room temperature. The seeds were germinated at 26
• C for 24 hours and then planted in sterilized sands in plastic pots, each pot containing 10 seeds. The seedlings were grown as suggested by Khanam et al. (2007) with some modification: the germinated seeds were grown for 10 days under dark conditions at 25 ± 1 • C. The sands were supplied with distilled water daily to maintain adequate sands moisture (defined as distilled water just over the surface of the sand).
In the first set of the experiments, 10-day-old rice seedlings were sprayed with distilled water for 4 hours (spray were taken at about 20 min intervals, and the ends of the stems were covered with filter paper to avoid the effects of distilled water on root tissue) at 26
• C. After this treatment, these seedlings were transferred to the beakers respectively containing distilled water (0 mM NaCl), 150 mM, and 300 mM NaCl solution and were kept in dark for 24 hours at 25 ± 1 • C. In the second set of the experiments, before salt stress treatment, the leaves of 10-day-old seedlings were sprayed respectively with distilled water, 1 mM salicylhydroxamic acid (SHAM, a special inhibitor of AOX activity), and 5 mM dimethylthiourea (DMTU, a scavenger of H2O2) for 4 hours (spray were taken at about 20 min intervals) under dark conditions at 26
• C. The concentrations of these chemical inhibitors used here have been suggested by previous reports (Jiang & Zhang 2002; Bartoli et al. 2005) and they were prepared by diluting the stock with distilled water. Control experiments showed that supplements of the solvent of the used chemical solutions alone to leaves had no significant effects on any of the experimental parameters being measured (data not shown). The ends of the stems were covered with filter paper to avoid the effects of the chemical solutions or distilled water on root tissue. After these pre-treatment, the seedlings were transferred to the beakers respectively containing distilled water (0 mM NaCl) and 300 mM NaCl solution and were kept in dark for 24 hours at 25 ± 1
• C. The 10-day-old seedlings, which were sprayed with distilled water (for 4 hours at 26
• C) and then exposed to 0 mM NaCl (for 24 hours at 25 ± 1 • C), were used as the controls for both two sets.
For exogenous application of H2O2, the leaves of 10-day-old seedlings were sprayed with 100 mM H2O2 for 4 hours (spray were taken at about 20 min intervals) and were kept in dark for 12 hours at 25 ± 1
• C. The ends of the stems were covered with filter paper to avoid possible effects of H2O2 solution on root tissue. The seedlings sprayed with distilled water were used as the controls.
Respiration of leaves
The apical 2 cm of leaves from 3-4 plants (separately grown in individual pot with same treatment) were detached for a single measurement of the respiration of leaves. The detached leaves were weighted and cut into small pieces with razor blades. The pieces were placed at once in assay buffer (20 mM Hepes, 0.2 mM CaCl2, pH 7.2; Simons et al. 1999) and incubated in the dark for 10 min to allow wound respiration to subside. After these treatments, the pieces were transferred into an air-tight cuvette that is covered with black cloth to block out light. Oxygen uptake of leaves was monitored at 26
• C using a Clark-type oxygen electrode (SP-2 type, made in the Institute of Plant Physiology & Ecology, Chinese Academy of Sciences) in the assay buffer. The total respiration rate (Vt) was measured with the assay buffer in the absence of any respiratory inhibitors. The cyanideresistant oxygen uptake was measured in the assay buffer containing 1 mM KCN. The residual respiration was measured in the assay buffer containing 1 mM KCN and 5 mM SHAM. The capacity of the AOX pathway (V alt ) was calculated as the difference between the cyanide-resistant oxygen uptake and the residual respiration (Bingham & Farrar 1989; Vanlerberghe & McIntosh 1992) . The concentrations of both inhibitors used here have been suggested by previous work (Furuhashi et al. 1989) . Results represent the average of four independent experiments.
Preparation of the special probes for AOX1a Primer 1 and primer 2 (P1:5'-GATGTTTGTCTACTG CCGAGGATTT-3'; P2: 5'-ATGTAGTATATATAACTCA GCTGCC-3') were used to obtain a specific probe for AOX1a by polymerase chain reaction (PCR) according to the previous works (Saika et al. 2002; Feng et al. 2007 ). The rice total DNA was extracted from the leaves as template. PCR with Taq DNA Polymerase (Sangon Inc., Shanghai, China) was carried out for 37 cycles, each consisting of 30 sec at 95 Extraction of the total RNA and Northern hybridization Total RNA was extracted using Total RNA Trizol Extraction Kit (Sangon Inc., Shanghai, China). Equal amounts of the RNA (based on OD260) were loaded per lane in 0.8% Agarose gel with 1×TAE buffer, separated by electrophoresis. Northern hybridization was performed with the ECL DNA Labeling and Detection Kit (Enzo. Diagnostics Inc., Buckinghamshire, UK) following the manufacturer's instructions.
The determination of generating H2O2 content The content of H2O2 was measured according to the method described by Brennan & Frenkel (1977) . H2O2 was extracted by homogenizing 0.05 g leaf tissue with cold acetone. The homogenate was centrifuged at 6000 g for 25 min. A 1-mL sample of supernatant was mixed with 0.1 mL of 5% (w/v) Rice seedlings sprayed with distilled water were respectively exposed to 0 mM (control), 150 mM, and 300 mM NaCl stresses for 24 hours. Results are mean values ± SD of four different experiments. Asterisk indicates statistically significant difference (P < 0.05 was considered) from the controls.
Ti(SO4)2 and 0.2 mL NH4OH. The mixture was then centrifuged at 6000 g for 15 min at room temperature and the precipitate was solubilized in 3 mL of 2 M H2SO4. The optical absorption of the supernatant was measured spectrophotometrically at 415 nm to determine the H2O2 content. Absorbance values were calibrated to a standard graph generated with known concentrations of H2O2.
Statistical analysis
Results are expressed as the mean ± standard deviation. Data were analyzed using the Kruskall-Wallis one-way analysis of variance test. P < 0.05 was considered statistically significant.
Results
The effect of NaCl stresses on the capacity of the AOX pathway Rice seedlings without chemical pretreatment (only sprayed with distilled water) were respectively exposed to distilled water (0 mM NaCl, control), 150 mM, and 300 mM NaCl solutions for 24 hours. Compared with the control, treatment with 150 mM NaCl did not significantly affect the rate of total respiration (V t ) and the capacity of the AOX pathway (V alt ) of the leaves of rice seedlings (Fig. 1) . Treatment of the seedlings with 300 mM NaCl significantly increased the capacity of the AOX pathway (V alt ) of rice leaves, compared with the control. There were no significant difference in the rate of total respiration between the control and the leaves exposed to 300 mM NaCl stress. The residual respiration made a low contribution (less than 10%) to the oxygen uptake of the leaves and their values are not shown in the present work.
The effects of NaCl stresses on the contents of H 2 O 2 in the leaves of rice seedlings Compared with the control, no significant increase in Rice seedlings sprayed with distilled water were respectively exposed to 0 mM (control), 150 mM, and 300 mM NaCl stresses for 24 hours. Results are mean values ± SD of four different experiments. Asterisk indicates statistically significant difference (P < 0.05 was considered) from the controls.
the content of H 2 O 2 was detected in the leaves of rice seedlings exposed to 150 mM NaCl stress (Fig. 2) . Compared with the control, NaCl at 300 mM significantly increased the content of H 2 O 2 (Fig. 2) . These observations showed that higher level of salt stress caused an increase in the content of H 2 O 2 .
The effects of exogenous H 2 O 2 on the capacity of the AOX pathway and AOX1a transcript in the leaves of rice seedlings In the present work, higher level of salt stress (300 mM) can lead to an enhancement in both the capacity of the AOX pathway (V alt ) and the content of H 2 O 2 (Figs 1, 2). To investigate whether H 2 O 2 can be used to induce the AOX pathway, the leaves of rice seedlings were treated with exogenous 100 mM H 2 O 2 . It was observed that exogenous application of 100 mM H 2 O 2 increased the capacity of the AOX pathway (Fig. 3) . To understand if H 2 O 2 would induce the AOX pathway in transcript level, the probe special for rice AOX1a was used to detect the expression of rice AOX gene. After the leaves of rice seedlings were treated with exogenous 100 mM H 2 O 2 , the level of AOX1a mRNA of rice leaves was obviously increased (Fig. 3) .
The effects of H 2 O 2 scavenger on the AOX pathway and AOX1a expression under the condition of higher salt stress In the present work, NaCl at 150 mM did not significantly affect the capacity of the AOX pathway (Fig. 1) . There was also no apparent change in the transcript level of AOX1a in rice leaves in response to 150 mM NaCl (data not shown). To study whether the induction of the AOX pathway under the condition of higher salt stress (300 mM NaCl) could be mediated by endogenous H 2 O 2 , rice seedlings were pretreated with 5 mM DMTU (a scavenger of H 2 O 2 ) and then were exposed to 300 mM NaCl stress. The increase in the content of H 2 O 2 caused by 300 mM NaCl was inhibited by the pretreatment with DMTU (Fig. 4) . After treatment with 300 mM NaCl, the level of AOX1a transcript was obviously increased (Fig. 5) . In contrast, DMTU treatment suppressed the expression of AOX1a and the increase in the capacity of the AOX pathway in response to 300 mM NaCl (Fig. 5) .
The AOX pathway could play a role in limiting the production of H 2 O 2 under the condition of higher salt stress When the seedlings without chemical pretreatment were exposed to 300 mM NaCl, the capacity of the AOX pathway in rice leaves was about 1.1 µmol O 2 g −1 DW min −1 . After the seedlings pretreated with 1 mM SHAM (a special inhibitor of AOX activity) were exposed to 300 mM, V alt decreased to about 0.5 µmol O 2 g −1 DW min −1 . The NaCl-stressed (300 mM NaCl) seedlings pretreated with 1 mM SHAM had higher level of H 2 O 2 content than the seedlings subjected to 300 mM NaCl stress or SHAM treatment alone did (Fig. 4) . This observation suggests that the AOX pathway could play a role in limiting the production of H 2 O 2 under the condition of higher salt stresses.
Discussion
In the present study, treatment with 150 mM NaCl did not significantly affect the capacity of the AOX path- Fig. 4 . The effects of DMTU and SHAM on the contents of H 2 O 2 in the leaves of rice seedlings in response to 300 mM NaCl. The plants were treated as follows: the seedlings pretreated with distilled water were exposed to 0 mM or 300 mM NaCl (Control and NaCl); the seedlings pretreated with 1 mM SHAM were transferred to 0 mM NaCl (SHAM); the leaves pretreated with 1 mM SHAM or 5 mM DMTU were exposed to 300 mM NaCl (SHAM + NaCl, and DMTU + NaCl). Results are mean values ± SD of four different experiments. Means denoted by the same letter did not significantly differ at P < 0.05. way. After treatment with higher concentration of NaCl solution (300 mM), the capacity of the AOX pathway was significantly increased (Fig. 1) . In soybean leaves, mild water stress did not affect the activity of the AOX pathway and the partitioning of electrons to the AOX pathway. However, severe water stress induced a large and significant increase in both the activity of the AOX pathway and the partitioning of electrons to the AOX pathway (Ribas-Carbo et al. 2005) . Thus, it seems that the induction of the AOX pathway occurs as a result of the response of plants to higher levels of environmental stresses.
Based on the studies of molecular distinction among AOXs from different plant species, AOX genes can be sub-divided into two discrete gene subfamilies: AOX1-type and AOX2-type genes. Generally, AOX2 is constitutively or developmentally expressed in eudicot species and is absent from the genomes of all monocot species examined to date, but AOX1 is most widely known for its induction by stress stimuli and is present in both monocot and eudicot plant species (Considine et al. 2002) . And, AOX1a is most stressresponsive AOX gene with respect to the number of stresses and the magnitude of response (Clifton et al. 2005) . In the present work, the level of AOX1a transcript was obviously increased after treatment with 300 mM NaCl (Fig. 5) . Combined this observation with the results shown in Fig. 1 , it could be concluded that the induction of the AOX pathway under higher salt stresses could be a result of the expression of AOX1a gene.
In the present work, 150 mM NaCl did not significantly affect the content of H 2 O 2, while an increase in the content of H 2 O 2 was detected in the leaves of rice seedlings exposed to 300 mM NaCl (Fig. 2) . Thus, higher level of salt stress can amplify the intensity of H 2 O 2 . It has been suggested that H 2 O 2 accumulation may be a pivotal signaling event that occurs during plant acclimation to both biotic and abiotic stresses (Smirnoff 1993; Prasad et al. 1994; de Azevedo Neto et al. 2005) . We found that exogenous application of H 2 O 2 increased the capacity of the AOX pathway and stimulated the expression of AOX1a (Fig. 3) , suggesting that exogenous H 2 O 2 could initiate the signaling pathway for the expression of AOX gene. In order to further investigate whether endogenous generation of H 2 O 2 under higher salt stress would affect AOX expression by the same means, DMTU was used to inhibit the accumulation of H 2 O 2 under higher salt stress (300 mM NaCl) (Fig. 4) . The experiments reported here showed that DMTU treatment decreased the levels of the capacity of the AOX pathway and AOX1a transcript in the leaves of the seedlings exposed to 300 mM NaCl stress (Fig. 5 ). Although complete abolishment of H 2 O 2 production under higher salt stress is hardly attained by the use of this ROS scavenger, the results reported here indicate that the induction of AOX1a expression under higher salt stress could be dependent of accumulation of H 2 O 2 in vivo.
Nitric oxide (NO), ethylene (ET), salicylic acid (SA), and methyl jasmonate (JAME) also were reported to induce the expression of AOX gene or increase the amount of AOX protein (Elthon et al. 1989; Fung et al. 2004; Parani et al. 2004; Ederli et al. 2006 ). However, Szalai et al. (2005) observed that in maize plants there were no changes in the level of endogenous SA under salt stress. In some plant species, like melon, spinach, and tomato, the content of ethylene is lower under saline than under control conditions (Zapata et al. 2004 ). More importantly, it has been found that SA, NO, and JAME can lead to the disruptions of mitochondrial function and thus stimulate ROS production of mitochondria (Brown & Borutaite 2001; Norman et al. 2004; Zhang & Xing 2008) . Recent work revealed that the promoter of Arabidopsis AOX1a was responsive to H 2 O 2 but not to SA (Ho et al. 2008) . Thus, SA, NO, and JAME could induce the expression of AOX via H 2 O 2 -dependent pathway. Therefore, H 2 O 2 -mediated signaling pathway appears to play a crucial role in inducing the AOX pathway and the expression of AOX gene under higher salt stress.
SHAM is a well-known inhibitor of AOX activity and it has been used in AOX studies on intact tissues. And, SHAM at 1 mM is sufficiently low to minimize the possible side effects observed with higher level of this AOX inhibitor or during relative long-term of assay (Møller et al. 1988; Bartoli et al. 2005) . Treatment with 1 mM SHAM inhibited the cyanide-resistant oxygen uptake by about 50% in the leaves of rice seedlings in response to 300 mM NaCl. The salt-stressed (300 mM NaCl) seedlings pretreated with 1 mM SHAM had higher content of H 2 O 2 than the seedlings subjected to NaCl stress (300 mM NaCl) or SHAM treatment alone did (Fig. 4) . Although the absolute specificity of SHAM used here can always be questioned, this observation suggests that AOX could play a role in limiting the production of H 2 O 2 under the condition of higher salt stress. Recent work reported that an increase of ROS production in salt-stressed tobacco protoplasts was associated with a decrease in mitochondrial membrane potential (Lin et al. 2006) . This indicates that mitochondria are major source of ROS formation under salt stress. It has been confirmed that AOX has a function in limiting H 2 O 2 formation from mitochondria (Wagner & Krab 1995; Maxwell et al. 1999) . It should be noted that mitochondria contribute 20-30% of the cytosolic steady-state concentration of H 2 O 2 (Han et al. 2003) . This means that any component to forestall H 2 O 2 production from mitochondria might also have a potential impact on the oxidative balance of whole cells. Thus, although AOX is located in mitochondrial inner membrane, its activation could limit the release of H 2 O 2 from mitochondrial into cellular matrix and thus contribute to mitigate the oxidative stress of whole cells. Therefore, AOX could play a role in antioxidant protection under the condition of higher salt stress.
